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ABSTRACT

In this paper, an investigation into the suitability of using fibre Bragtings (FBGs) for monitoring the accelerated
curing process of concrete in a microwave heating environment isnfgdsén this approach, the temperature data
provided by the FBGs are used to regulate automatically the microwase po that a pre-defined temperature profile
is maintained to optimize the curing process, achieving early streafytts comparable to those of conventional heat-
curing techniques but with significantly reduced energy consampthe immunity of the FBGs to interference from
the microwave radiation used ensures stable readings in the targeted enviraniik@ntonventional electronic sensor
probes.
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1. INTRODUCTION

Microwave heating is a highly efficient technique used in variousndlgprocessesis microwave energy penetrates the
specimens, thus heating them uniformly, as compared to otowal thermal curing (or steam curing) in an electric
oven where temperature gradients often occur because the samples arefrbpatib@d outside inward. Due to its
beneficial dielectric properties, accelerated and highly energy-efficient cureanofete using microwaves is becoming
increasingly attractive to facilitate the development of high early gtrengowever, continuous monitoring of the
internal sample temperature is required in order to prevent it fromeatérg which would result in diminished long
term strength of the concrete and a poor quality product.

In an early studyundertaken, curing was carried out using a domestic-type microwavehyhitre fixed power was
pulsed in order to achieve a desired average power output, i.e., temperattwetocsome exterfd Further studies in
the 1990s explored the conceyft‘temperature feedback control’ in order to improve the curing efficiency™>. For the
internal temperature measurement, a thermocouple with appropriate shielingsed in ordeto avoid ‘sparking’
caused by the electromagnetic interference on the metallic surface. Withirimgement, however, additional bulk is
added which may become intrusive, particularly if multiplexing is reguiin another approach temperature control was
partially achieved using a thermal imaging camera directed at a concrete °safioplever, the shortcoming of this
method is that only the surface temperature of the sample can Berewiand thus an improved method is needed.

Unlike conventional electra temperature sensors, fibre Bragg gratings (FBGs) are electrically paasgiienmune to
microwave radiationAdded to this is their small size and multiplexing capabiliiying confidence that FBG-based
probes could bexpected to offer improved stability and versatility in the design ofp&ature probes for use in
microwave environments.

In this work a tailored design of multiplexed FBGs forming a probe was developedsténsy approach was then used
to monitor the temperature distribution within concrete samples while being icused industrial microwave oven.
Those temperature data were used to actively control the output poweunsiban-made microwave oven by means of a



closed loop temperature feedback control algorithm. The results obtaineddstt@mt compressive strengths similar to
those achieved by conventional thermal curing methods were achieved aaheS%othf energy being used.

2. PRINCIPLE OF MEASUREMENT AND EXPERIMENTAL SETUP

An FBG formed within a fibre behaves like a ‘notch filter’ (in transmission), which reflects light around at a wavelength
termed the Bragg wavelength that satisfies the so-called Bragg cohdfttum effects of temperature and strainaon
grating’s Bragg wavelength have been widely reportadd thus are not discussed further here. However, a system has
been developed to optimize the concrete properties, comprising the sests®s, ghe data acquisition and the closed
loop control. Each is considered delas an element of the system

]‘ to
N interrogator Industrial microwave oven

Microwave
PEEK plastic generator -~ — ] . Sensing
i 2.45 - — .
—— tube with J) L interrogator
e Microwave GHz ) ,/ FBG rel.
T optical fibre ) . [ humidity i/L
T2 > cavity = n sensor
100 mm N PC - Data acquisition
«n ) = Moulded — and closed loop control
concrete
T4 > b concrete | — —
TS cube sample / .

/ —| Control unit
Turn table

(a) (b)

Figure 1 (a) Schematic of a 5-point multiplexed FBG sensor probe inserted 86 mm concrete sample cube as used in this
investigation. (b) Schematic of the microwave oven develfgetthis work.

2.1 Sensor fabrication and integration

The FBGs used in the manufacture of the probes employed were maratfacting the phase mask technique.
Photosensitive fibre (Fibercore SM1500) was illuminated using an ATLEXS30aser at 248 nm. The gratings were
annealed at 186C for approximately four hours for stability and subsequentipreged against temperature. The fibres
were then encased mpolyether ether ketone (PEEK) enclosure to provide a rugged envirofonarge and which
were vertically inserted into moulds containing freshly mixed concretelsa To enable the rapid and accurate transfer
of the heat to the probe and thus the determination of the tempena¢uforations were incorporated into the tubes at
each grating position. PEEK was chosen as packaging material becatsstasfsparery to microwave radiation and
its rigidness, providing adequate protection for optical fibres in theepanld strain independent working condition
Finally, the sensor probes were wrapped in PTFE tape to preveméshé/fmixed concrete from entering théds A
schematic of a 5-point temperature probe in a 100 mm concrete cube isisthogri(a).

2.2 The microwave oven

The microwave oven used in this investigation was purpose-builtstoffar concrete curing by Industrial Microwave
Systems (IMS), UK, with the facility to be able remotely to control isvgr output via PC interface.h€ unit’s
magnetron generates microwaves at a frequency of 2.45 GHz atmumagiower of 1 kW. For ease of instrumentation
the microwave cavity has inlets for the optical fibres as well as for thédhyrgenerator feedA schematic of the
microwave oven is shown in Fig. 1(b).

2.3 Data acquisition and closed loop control

The Bragg wavelength shifts of the FBGs were captured simultaneotsty aiglicron Optics SM125-500 sensing
interrogator unit at a sampling rate oHZ and calibrated at known temperaturds order to provide the control needed
to the curing process, the highest temperature reading of any FBG wasofedproportional-integral-derivative (PID)
control algorithm, continuously regulating the microwave output power basqare-selected maximum power and
temperature settings. The amasto not to exceed a certain pre-defined internal temperature value (in &ig@as) in
order to achieve maximum compressive strength after curing andhahinisk of delayed ettringite formatitinin



addition, a low-energy ultrasonic fog generator (Trixie Fogger W&$ used to maintaia humidity level of 100%
within the microwave cavity during the curing process in otdeavoid shrinkage cracks in the concrete causing
durability problems in the long term

3. RESULTSAND DISCUSSION

For the concrete, a typical formulation was recommended by industry (Mdoe&tad) which included pulverized fuel
ash (PFA) as a cement replacement material of which 55% w.t. has been indihitedthe cement content of the mix

A 100 mm cube mould, also made of PEEK, was used to casetfedoncrete. The concrete samples were allowed to
set at room temperature for approximately four hours to gain isttihgth before being heat-cured in an electric oven
as well as in the microwave oven for another two hours. Within thasédurs the temperature was gradually increased
from room temperature to 7@, according to the American Concrete Institute’s recommendation of no more than 25
°C/I. In the case of the electric oven, the temperature was increased mameatas for the microwave oven the FBG
sensor based feedback control system described in section 2.3 wa# tised concrete sample from the same batch
was cast and cured at room temperature for 24 hours foracmop. Figure 2 illustrates the success of the feedback
control system whereby the precise regulation of temperature based erdefiped profile was achieved through
continuous self-adjustment of the microwave power.
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Figure 2 Feedback control data for a concrete cube cured for two hours in talyara¢crowave. The microwave output power was
self-regulated based on the FBG sensor dataane-defined temperature profile.

In Fig. 2, the actual internal sample temperature (measured using the embe@dseinEBrs) matches well with the pre-
defined heating rate (targeted temperature profile) showing only ssrely deviation. The average microwave power
needed to achieve this heating profile was only 51 W. The idea ih¢éhetcorded power profile of a particular concrete
sample of a certain dimension and composition can scaled up fatustrial sensor-less batch-curing process.

At the end of the two-hour accelerated curing period, the concre¢s fndm both conventional heating and microwave
heating were tested for strength using a compression machine Ba@3600/FR). It was found that the compressive
strengths achieved by both methods are virtually identical (see valu€g.i8(a)). At the same time these figures
highlight the benefit of accelerated curing resulting in more than twicesttbagth in a quarter of the time when
compared with normal curing conditions at°20 Calculations also revealed that the microwave curing method $sed le
than 5% of the energy required by the conventional oven & T€ee values in Fig. 3(b)).

In light of these initial results, it is believed that due to its faster, volumetric hgmtingss, microwave curing processes
with significantly reduced ramping times in the temperature profileeasitfle, thus further reducing curing times and
energy consumption.
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Figure 3 (a) Compressive strength results of concrete cured under conventidreadcelerated heating conditions. (b) Cross-
comparison of the energy consumption of both accelerated cucimgdees employed.

4. CONCULSIONS

In this preliminary study it was demonstrated that the processcefeaated heat-curing of concrete can be greatly
improved using a combination of both microwave technology and dab-B&ed temperature monitoring regime,

creating a self-regulating and energy efficient curing environmemtrd-gtudies will focus on optimized temperature

and humidity profiles targeting shorter curing times and thereforeirggigignificantly the carbon footprint and energy

consumption of pre-cast concrete manufacturing.
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